suggests that this underlying current is not linked to the IPC. The most likely link is with the 25 large-scale general circulation of the Bay of Biscay, which is weakly anticyclonic (Saunders, 26 1982 ). 27 While the overall structure of the IPC is fairly well documented, much less is known about the The interest of the mesoscale circulation associated with the IPC is therefore clear: it is 8 poorly known and it seems to control important biogeochemical processes. The objective of 9 this work is to shed some light on the secondary circulation, paying special attention to the 10 vertical component of the velocity field. To do this, we use hydrographic data from an intense 11 survey carried out in the Cantabrian Sea in February 1995, when the 1994 IPC was in its latest 12 stage. The data set resulting from that survey is not ideal, but is up to date the best one to 13 undertake a diagnostic study of the IPC at the mesoscale. 14 The structure of the paper is as follows. In section 2 we present the data set and the 15 methodology used to estimate the secondary circulation. In section 3 we present a water mass 16 analysis followed by the computation of the geostrophic circulation. Section 4 is devoted to the 17 secondary circulation, presenting both the vertical and horizontal components. Results are 18 discussed in section 5, paying particular attention to the sensitivity of the computations and to 19 the role of the secondary circulation. Conclusions are outlined in section 6. 20 23 The main difficulty encountered when studying mesoscale systems is to complete a survey with 24 an adequate spatial and temporal resolution, since there is a trade-off between the spatial In a first step, potential temperature and salinity profiles were used to obtain potential 12 density and specific volume anomaly profiles. Dynamic height was computed with respect to a 13 700 m reference level (see section 3.2 for more details on the selection of this depth). Station 14 values of all variables (temperature, salinity, density and dynamic height) were then 15 interpolated onto a 27 x 33 regular grid of 0.03ºlon x 0.022ºlat (2.4 km x 2.4 km) using an 16 Statistical Optimum Interpolation technique. We assumed a gaussian correlation model of the 17 type C(r)=exp{r 2 /(2S 2 )}, setting the characteristic scale S in such a way that the correlation 18 model fit observed correlations. The value of the best fit was obtained for S=10 km; sensitivity 19 tests showed that results were not significantly influenced by the choice of this parameter 20 provided it was kept within reasonable limits (7-15 km). An additional normal-error filter 21 convolution was also applied in the way proposed by Pedder (1993) , in order to filter out scales 22 which can not be resolved by the sampling. In our case, the cut-off wavelength ( c ) was set to 23 40 km (twice the separation distance between transects and four times the separation distance 24 along transects). For a complete explanation on the interpolation process, and in particular on 25 the need to perform a scale selection see Gomis and Pedder (2005). 26 The described process was repeated (for each observed variable) at 70 horizontal levels The vertical velocity (w) can be obtained from the QG omega equation (Holton, 1992) .
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Dataset and methodology
22
The dataset and the spatial objective analysis
10
A form of the omega equation suitable for the analysis of mesoscale features in the ocean can 11 be written as:
where N is the mean-state buoyancy frequency, g  is the geostrophic relative vorticity, h  is 14 the horizontal gradient operator, and other symbols have conventional meaning. The omega 15 equation is often used in its Q-vector form, derived by Hoskins et al. (1978) to avoid 16 cancellation problems between the two terms on the right hand side of (1a): 
(2) 13 Equation (2) can be solved in a very similar way to (1), except in the boundary conditions. The  must obviously be set to 0. The lateral boundary conditions can be set in the same (arbitrary) 18 way as for the omega equation. Hence we set ∂/∂n=0 at the four lateral boundaries. 19 Once the dynamic height tendency field has been obtained, the ageostrophic velocities 20 (u ag , v ag ) can be subsequently computed as:
where (u g , v g ) is the geostrophic velocity and the other symbols have conventional meaning. (Fig. 2c) . A different 10 feature is the salinity and density minima located over the shelf (Fig. 2a, c) ; this structure is due 11 to the mixing of warm IPC waters with fresh continental waters, resulting in low densities 12 confined near the coast. 13 Below 150 m the intense temperature gradients are not compensated by the very weak 14 salinity differences: at 250 dbar, for instance, the salinity of st. 7 (offshore) and st. 18 (within 15 the IPC) are quite similar (Fig. 2d) , whereas the temperature is 1.6ºC higher at st. 18 than at st. Apart from the general pattern described above, some temperature and salinity profiles 22 show sharp vertical gradients at upper levels (between 100 and 200 dbar) that suggest the 23 occurrence of water intrusions. In some cases, they look like intrusions of fresher and colder 24 water (see Fig. 3a for instance) and in others the intruding water is saltier and warmer, coming 25 from the poleward current (Fig. 3b) . Some of the observed profile anomalies can hardly be 26 explained from the IPC geostrophic current, and suggest the presence of 27 divergence/convergence processes related to ageostrophic transport. These intrusions will 28 therefore be discussed later on in this work, once the ageostrophic circulation has been 29 determined.
The geostrophic velocity field.
1
A key issue was to determine a proper reference or no-motion level in absence of ADCP data. Choosing the first option is cumbersome: a visual inspection of the isopycnals along 11 each transect reveals that they are more or less horizontal in between 400 and 450 dbar (not 12 shown); below that depth, the density slopes reverse with respect to upper layers, but not over 13 the whole domain. This implies that the no-motion level should be above these levels, in order 14 to obtain a westwards current at lower levels. We carried out several tests setting the reference 15 level at different depths in between 300 and 450 m, but none of them yielded a realistic flow 16 structure both above and below the reference level. The reason is probably that the velocity 17 does not vanish at a constant depth all over the domain. 18 Setting the reference level to 700 dbar over the whole domain resulted in a more 19 realistic flow structure. Although it is true that the velocity probably does not completely 20 vanish at that level, the fact that velocity values are much smaller than at upper levels makes 21 that the impact of not exactly fulfilling that assumption is smaller than when assuming no 
17
Combining the vertical velocity with the horizontal ageostrophic velocity we obtain the 18 secondary circulation. The meridional section along transect 2, which crosses areas of ascent 19 and descent motion, shows the clear signature of a secondary circulation cell (Fig. 8b) . It is 20 worth noting that the ageostrophic velocity is mostly meridional along this section, so that the 21 vectors represented in Fig. 8b practically account for the whole ageostrophic circulation. This (Figs. 9a, b) . In the two main regions of ascent/descent motion, the two 7 terms have the same sign. The lack of cancellation between the two terms explains why the 8 results of the omega eq. (1a) and of the Q-vector formulation (1b) give identical results (the rhs 9 of the omega equation was re-written in terms of the Q-vector precisely to avoid accuracy 10 problems derived from the approximate cancellation between the two terms; if the two terms of 11 the rhs of the omega equation do not suffer from cancellation problems, the two formulations 12 are practically equivalent). In fact, the values of the two terms are practically identical in the 13 central part of the domain (yielding the upward motion region), whereas the buoyancy 14 advection term has a some more intense pattern to the east (at one of the downward motion 15 region) and the vorticity advection has a some more intense pattern to the west (at the other 16 major downward motion region).
The dynamical forcing of the vertical motion can also be illustrated plotting the vorticity 18 and density fields against the geostrophic flow (Figs. 9c, d ). In the region of ascent motion which the vertical velocity is more intense).
20
As it is usually the case for hydrographic data measured with a CTD, the contribution of 21 observational errors is small over most of the domain (except at the boundaries): less than 0.05 22 times the standard deviation of the field (Fig. 10a) . The contribution due to the sampling is 23 higher and reflects the station distribution: it is less than 0.10 times the standard deviation of 24 the field close to the transects, but reaches up to 0.14 in between transects (Fig. 10b) . The sum 25 of the two contributions (in terms of variance, not of standard deviation) gives the total error 26 field (Fig. 10c) . All figures shown previously in the paper have been restricted to the regions 27 where total errors are less than 0.15 times the standard deviation of the field. dynamic height difference between transects is of the order of 1 dyn cm at that depth, so that 12 the errors associated with the lack of synopticity would be of about 15% of the sampled 13 gradients. Although this is not a negligible amount, it is not higher than for most oceanographic 14 surveys carried out using a CTD probe. 16 Detecting any impact of the secondary circulation on the water mass pattern is usually difficult 17 due to the dominance of the geostrophic circulation. However, the presence of salinity and 18 temperature gradients such as those separating the IPC from the outer waters make that some of 19 these impacts might be identified. In particular, the presence of apparent intrusions in several 20 station profiles may be due to advection processes linked to the secondary circulation 21 (altogether with the geostrophic advection by the main current). The region between C1 and A has been shown to account for maximum density and vorticity 4 advection. In this region the ageostrophic circulation at 100 dbar (Fig. 7a) is mostly clockwise, 5 whereas at 300 dbar (Fig. 7b) it is anticlockwise around C1. Our hypothesis is that the 6 undercurrent may be the cause of instabilities in the entering IPC flow and the origin of the 7 western branch. that the data set is adequate to undertake a dynamical diagnosis at the mesoscale.
On the role of the secondary circulation
23
Regarding the geostrophic circulation, we have obtained an IPC that extends down to Error distribution for the gridded values of dynamic height at 200 dbar, as given by the optimal interpolation method. They are expressed as a fraction between the error standard deviation and the standard deviation of the field, the spacing between isolines being 0.05. The panels show the errors derived from errors in the observations (a) those derived from the discrete station distribution (b) and total errors (c). 
